ments (Flavell et al. 1974; Sandhu and Gill 2002;  ESTs, 101 deletion lines carrying 120 breakpoints were se-
Sidhu and Gill 2004). Deletion mapping of ‫0002ف‬
lected (Endo and Gill 1996) . Of these, 17 were for homoeologene marker loci showed that genes on wheat chromogous group 6 that, along with 6 DT breakpoints, divided the somes are also unevenly distributed (Gill et al. 1996a,b;  group 6 chromosomes into 26 bins. All the aneuploid and deletion stocks used for the study were in cultivar Chinese Faris et al. 2000; Sandhu et al. 2001 ; Sandhu and Gill Spring (CS) background. The deletion breakpoints were ex-2002; Akhunov et al. 2003a,b) . About 30% of the wheat pressed as a fraction length (FL) value of the arm retained genome appears to contain Ͼ85% of the genes (Erayin the deletion chromosome. The stocks were provided by man et al. 2004) . The remaining 70% of the genome, proach to target the expressed portion of any genome. highly uneven distribution of genes on chromosomes. Gill et al. (1991) . line lacking a pair of chromosomes, loss of which is moeologous group 6 chromosomes was constructed using the compensated for by an extra pair of one of its homoeocriteria described in Gill et al. (1996a,b) except that only the logs) and ditelosomic (DT) lines (Sears 1954) cally map Ͼ2000 DNA markers (Werner et al. 1992;  with two homoeologs was used. Gill et al. 1993; Kota et al. 1993; Hohmann et al. 1994;  Wheat-rice comparisons: The 882 group 6 ESTs were compared with the rice genomic sequence using "blast" (http:/ / Delaney et al. 1995a,b; Mickelson-Young et al. 1995;  www.ncbi.nih.gov/; Altschul et al. 1997) . A cutoff E-value of Gill et al. 1996a,b; Faris et al. 2000; Weng et al. 2000 project was initiated with a goal to physically map 10,000 each group 6 bin were identified and used to order 385 group wheat unigene ESTs using the aneuploid and deletion 6 wheat ESTs.
stocks. Wheat homoeologous group 6 data are reported in this article. Similar data for the other six homoeologous groups are presented in the accompanying articles RESULTS in this issue. We also report identification of rice chromosomal regions homologous to wheat group 6 chroDistribution of ESTs: Of the March 7, 2003 data set of 4485 mapped and verified project ESTs, 882 ESTs mosomes and the use of rice to reveal EST order within each wheat bin.
mapped to homoeologous group 6 chromosomes, using only the EcoRI enzyme. These group 6 ESTs detected 5154 restriction fragment bands, and each fragment MATERIALS AND METHODS band was considered as a locus. The NT and DT analyses mapped 2849 (55%) of these loci to specific chromoGenetic stocks: Chromosome arm locations of the selected ESTs were revealed using 21 NT and 24 DT lines (Sears 1954, some arms. The remaining 2305 (45%) fragment bands were not mapped, as these were monomorphic among 6A, 6B, and 6D, respectively, compared to 369, 461, and 336 for the long arms ( Figure 3 ). Twenty-two loci the NT lines. The 882 ESTs, mapped on homoeologous group 6, detected 2043 loci on group 6 and 806 loci on mapped in the centromeric region, of which 7 were on 6A, 5 on 6B, and 10 on 6D ( Figure 1 ). A comparison other homoeologous groups. Among the homoeologs, chromosome 6B had the highest number of loci and of these numbers with the expected number based on the physical length of the arms showed significant differ-6D had the lowest. Of the 882 ESTs, 518 detected 665 loci on chromosome 6A, 601 detected 777 loci on 6B, ences ( 2 , P ϭ 0.012) between the observed and the and 488 ESTs detected 601 loci on chromosome 6D (Figure 1) .
Distribution of the group 6-specific EST loci on the three homoeologous chromosomes showed that 264 EST probes detected 873 loci on all three homoeologs, 192 detected 472 on two, and the remaining 426 detected 698 loci on only one of the chromosomes ( Figure  2 ). The number of loci mapping on the long arms was significantly higher than that on the short arms. The numbers of short-arm loci were 289, 311, and 255 for expected numbers (Figure 3 ). In general, the observed number of loci for the short arms was lower than expected. For example, 46% of the loci were expected to be present on 6BS whereas only 40% were observed. Consequently, the long arm had ‫%11ف‬ more loci than expected. Similar observations were made for the other two chromosomes.
The distribution of ESTs was uneven along the group 6 chromosomes. Distal bins had more EST loci per unit size compared to the proximal bins (Figure 1 ). The bin proximal to deletion C-6DL-6 had the lowest EST density. This bin is ‫6.1ف‬ m in length and that translates to ‫601ف‬ Mb DNA (B. S. Gill et al. 1991) . The calculated EST density based on the 27 loci mapped to the bin was ‫52.0ف‬ loci/Mb. The bin distal to deletion 6DS-6 had the highest density, 16 loci/Mb, with 47 loci and a size of ‫3ف‬ Mb. Similarly, EST density in the 6A bin distal to deletion 6AL-8 was 4.38 loci/Mb compared to 0.63 loci/Mb for the bin proximal to deletion 6AL-4. Detailed mapping information for all the ESTs in each group 6 bin can be accessed from the GrainGenes database website (http://wheat.pw.usda.gov/wEST).
Copy number of expressed sequences: On average, each EST detected 5.8 fragment bands with a range from 1 to 39. Frequency of loci detected by group 6 ESTs in comparison with other homoeologous groups showed that only 37% of the ESTs detected the expected 3 or 4 fragment bands (Figure 4 ). About 11% of the mosomal duplications, 15 were on opposite arms. No difference was observed among homoeologs for the rate of intrachromosomal duplications. However, Ͼ75% of these duplications were observed in the proximal 50% of the red bar chart was drawn to scale using 385 ESTs that identified rice homologs. Significant differences of the chromosomes. The proximal bins C-6AL4, C-6DS2, and C-6AS1 showed the greatest number of duplicawere observed among the wheat bins for their homology to rice. For example, wheat regions 0.29-0.36 and 0.55-tions.
Consensus physical map:
The consensus physical map 0.68 on the long arm and 0.76-0.79 on the short arm showed the highest levels of homology with the rice containing 262 ESTs is presented in Figure 5 . Location of 223 ESTs was consistent among the three homoeologs chromosomes (Figure 6 ). On the other hand, the longarm regions 0.36-0.40 and 0.68-0.74 and short-arm re- (Table 1) . For the remaining 39 that showed discrepancies (marked by * in Table 1 ), the physical location gion 0.79-Sat possessed the least homology. Wheat ESTs mapping on all homoeologs identified rice homologs consistent with two homoeologs was used. Of the 39 ESTs with discrepant map locations among homoeologs, more frequently than others did. Of the 262 ESTs present on the consensus map, 143 (54%) detected rice 21 mapped to the adjacent bins, suggesting that the discrepancy was due to FL value variation among the homohomologs compared to 39% for the remaining ESTs. Rice BAC/PAC contigs corresponding to each of the eologs. The remaining 18 ESTs mapped to nonadjacent bins, of which 13 mapped on the opposite arm. group 6 bins were used for intrabin ordering of ESTs (Table 1 ). The order of the 385 wheat ESTs present in Uneven distribution of ESTs was even more distinct on the consensus physical map. The distal 60% of the the 16 bins of the consensus map was revealed using rice sequences. Of these, 219 were homologous to rice consensus map contained ‫%08ف‬ of the ESTs ( Figure  5 ). The number of ESTs per bin ranged from zero (in chromosome 2, 32 to chromosome 3, 17 to chromosome 1, and the remaining were homologous to other rice the long-arm bin 0.36-0.40 and the short-arm bin 0.79-Sat) to 49 (in the long-arm bin 0.55-0.68). Because of chromosomes. significant size differences among bins, EST density was calculated per unit size. The EST density per unit chro- in rice estimated from genome sequence analysis ranges from 32,000 to 50,000 (Goff et al. 2002) . In hexaploid of these, 225 (58%) showed homology to rice chromosome 2, whereas the remaining 160 (42%) corresponded wheat, the gene number estimates range from 75,000 to 150,000, or ‫000,02-000,01ف‬ gene loci per homoeoloto regions on the other 11 rice chromosomes. The percentage of the wheat ESTs mapping on the other rice gous group (Sidhu and Gill 2004). Here we report physical mapping of Ͼ2000 loci (10-20% of the total) chromosomes ranged from 1.3% on chromosome 11 to 8.3% on chromosome 3. With a mean of 6.5, the number for wheat homoeologous group 6. We also show the general distribution of genes on the chromosomes. of rice chromosomes represented in each wheat bin ranged from 1 (in the long-arm bin 0.36-0.40) to 11
Deletion mapping revealed significant differences among group 6 homoeologs for the number of loci. (in the long-arm bin 0.80-1.00) (Figure 6 ). Within each wheat bin, rice chromosomes other than chromosome
The comparison between the expected and observed numbers of loci indicated that the number of loci is not 2 were identified by ESTs ranging from 1 to 6 with an average of 2.7. However, chromosome-specific rice contigs always proportional of the size of the chromosome arm. Maximum number was observed for the 6B and minicorresponding to each wheat bin were discontinuous as homologs were not present for all BACs/PACs present in mum for 6D. This difference may partly be due to the variable sizes of the homoeologs, which are predicted rice contigs.
To examine differences among wheat bins for rice to be 863, 673, and 667 Mb for 6B, 6D, and 6A, respectively (B. S. Gill et al. 1991) . Another factor explaining homology, the number of ESTs per consensus region ( Figure 6 , blue bar chart) was compared with that of this difference may be the number of duplicated loci that may differ among homoeologs. ESTs showing homology to rice sequence ( Figure 6 , red bar chart). The width of the blue bar chart was drawn Dramatic differences were observed for the number of loci per bin. These differences were more pronounced to scale on the basis of the location of 225 ESTs that were present on the consensus physical map. The width on the consensus physical map mainly because there were three times more breakpoints resulting in a finer resolution. The estimated bin size on the individual deletion maps ranged from ‫3ف‬ (the bin distal to deletion 6DS-6) to 299 Mb (C-6BS-5) with a mean of 88 Mb (Figure 1 ). On the other hand, consensus-map bin size ranged from 3 (for short-arm bin 0.99-1.00) to 119 Mb (for short-arm bin 0.0-0.35) with a mean of 43 Mb ( Figure 5 ). More than a 30-fold difference was observed for gene density among bins on the consensus map compared to a 14-fold difference in size among individual bins. This comparison suggests that the difference in gene density may be even greater if additional breakpoints were available (Gill et al. 1996b; Erayman et al. 2004) . The limitations of the consensus map construction are pointed out by the fact that ‫%51ف‬ of the ESTs had discrepant locations among the homoeologs. Although order and colinearity are conserved among the three genomes for most of the genes, significant differences may be present due to differential amplification of the three genomes, chromosomal rearrangements, and gene copy number. Using only one restriction enzyme, ‫%03ف‬ of the ESTs detected loci on all three chromosomes, 22% detected loci on two, and the remaining ESTs detected loci only on one of the three homoeologs. This large number of ESTs mapping to only one of the chromosomes can be attributed to the use of only one restriction enzyme. By using two restriction enzymes for a similar physical mapping experiment, ‫%18ف‬ (61/75) wheat group 1 gene markers detected loci on all three homoeologs, 12% (9/75) detected loci on two, and only 7% (5/75) detected loci on one of the three genomes (Sandhu et al. 2001) . In the present study, ‫%54ف‬ (2305/5154) of the fragments detected by group 6-specific ESTs were monomorphic and that may be resolved with the use of additional restriction enzymes.
The extent and distribution of EST duplication on group 6 chromosomes was similar to that reported for the wheat genome as a whole (Qi et al. 2004) . About 21% of the wheat sequences have paralogous loci (Akhunov et al. 2003a) . In this study, 32% (287) of the ESTs detected paralogous loci on other chromosomes ranging from 13% for group 4 to 20% for groups 2 and 7. About 4% of the ESTs detected paralogous loci on group 6, of which one-half were on the same chromosome. In barley, 20-30% of probes detected duplicated loci (Graner et al. 1991; Kleinhofs et al. 1993) . Some of Several wheat-rice comparisons have been made and the rice and maize genomes. Proc. Natl. Acad. Sci. USA 90:
slightly different results were observed, depending on 1994; Devos et al. 1995; Sherman et al. 1995; et al., 2003a The organization and rate of evolution of wheat genomes are correlated with recombination rates along chromo- protein sequence homology among rice, maize, wheat,
